We have performed a real-time x-ray scattering study of the nucleation of GaN on sapphire͑0001͒ by gas-source molecular-beam epitaxy. GaN growth using thermal ammonia and Ga͑C 2 H 5 ͒ 3 exhibited a rapidly decaying intensity at the 0001 reflection, characteristic of three-dimensional cluster growth. Growth with 30-eV NH x ϩ ions and Ga͑C 2 H 5 ͒ 3 exhibited layer-by-layer intensity oscillations with maxima near odd-integer bilayers. The mode of nucleation is controlled by the Ga incorporation efficiency on the substrate and GaN islands. The Ga incorporation efficiency on the substrate is increased by a factor of 4 by low-energy ion irradiation during growth. ͓S0163-1829͑98͒09331-X͔
I. INTRODUCTION
Many solid-state devices depend on the formation of very perfect single-crystal thin-film layers. However, combining dissimilar materials by heteroepitaxy often results in the nucleation and growth of three-dimensional islands. This phenomenon is observed in many systems, such as GaAs/Si, GaP/Si, and SiC/Si. 1, 2 The three-dimensional islands produce threading dislocations and planar defects as the islands coalesce. 3, 4 These defects ultimately produce undesirable parasitic effects such as high threshold current in injection laser diodes. Consequently, a great deal of effort has been devoted to manipulating atomic-scale processes to produce smooth two-dimensional growth. Recently, GaN has attracted much attention because of its possible applications in blue light-emitting diodes, lasers, and other optoelectronic devices. However, the lack of GaN bulk crystals forces one to deposit GaN onto dissimilar substrates such as Si, SiC, or sapphire. The nucleation problem for GaN onto these materials is particularly severe because of a low incorporation efficiency of the metal-organic precursors typically used for growth. 5 Several approaches have previously been developed for suppressing three-dimensional growth, including lowtemperature buffer layers, [6] [7] [8] adsorbed foreign surface species ͑i.e., surfactants͒, 9, 10 and low-energy ion-assisted growth. 11 Of these approaches, ion-assisted growth has received relatively little attention. However, for some materials systems ion-or plasma-assisted growth is the technique of choice. For example, GaN growth by molecular-beam epitaxy is usually performed using a plasma source [12] [13] [14] [15] or a low-energy ion source 16, 17 for nitrogen. At present, very little is known about the role of energetic precursors in the nucleation and growth of GaN other than the observation that plasma-assisted growth leads to the highest-quality films. 13 In this article we discuss nucleation phenomena and subsequent growth of GaN on the ͑0001͒ surface of sapphire by gas-source ͑GS͒ molecular-beam epitaxy ͑MBE͒. Using time-resolved x-ray scattering, we observe a profound change of growth mode when low-energy ions replace thermal ammonia molecules as the nitrogen source. Specifically, the specular reflectivity at the anti-Bragg position exhibits the classic layer-by-layer intensity oscillations associated with two-dimensional growth when NH x ϩ ions are used and only a monotonic decrease in intensity ͑due to increasing roughness͒ when thermal ammonia is used. Layer-by-layer growth of the first few monolayers in a technologically relevant material system is particularly exciting, given that there are only a few examples of such phenomena in latticemismatched epitaxy. [18] [19] [20] [21] The effect of ion-assisted growth is so dramatic that the technique effectively solves the GaN nucleation problem.
II. EXPERIMENT
The experiments were performed on the A2 experimental station at the Cornell High Energy Synchrotron Source using radiation from a 1.2-T, 24-pole permanent magnet wiggler. X rays are directed onto a two-bounce W/B 4 C synthetic multilayer monochromator with a 1% energy bandpass. The flux of monochromatic x rays at the sample is ϳ10 12 photons per second in a 0.5 mm vertical by 1 mm horizontal beam spot at a wavelength of 0.1 nm. X rays impinge on the sample that is mounted inside an ultrahigh vacuum surface diffraction chamber with a base pressure of 1ϫ10 Ϫ10 Torr. The geometry is shown in Fig. 1 . A detector arm with rotation stages for a crystal analyzer and a NaI͑Tl͒ detector is mounted with both vertical and horizontal rotations about the sample surface. A graphite ͑0001͒ crystal analyzer with a mosaic width of 0.4°is used to filter out the fluorescent background. The resolution and the active area of the sample are defined by 0.5ϫ1 mm 2 slits in front of the NaI͑Tl͒ detector. A Si͑Li͒ detector is mounted in the horizontal scattering plane to monitor the Ga K␣ fluorescence, from which the deposition rate is determined.
The sapphire͑0001͒ substrate is cleaned by degreasing and then etching in hot phosphoric acid. 22 After introduction into the vacuum chamber, the surface is cleaned in vacuum by heating to 1000°C. The temperature is determined by an infrared pyrometer. A nitridation layer is prepared by heating the sample to 1000°C with ammonia flowing at 50 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒. The pressure under these conditions is ϳ1.5 mTorr. Formation of a thin AlN layer is confirmed by monitoring the AlN ͓1 0 1 0.05͔ diffracted beam intensity. The thickness of the AlN layer reaches ϳ1.2 nm after 10 min. For the case of thermal growth, the flux of trimethyl-gallium ͑TEG͒ and ammonia were 9.6ϫ10 14 and 2.8ϫ10 17 cm Ϫ2 s
Ϫ1
, respectively. The background pressure in the chamber under these conditions is 3ϫ10 Ϫ4 Torr. For the ion-assisted case, a Commonwealth Mark-I End-Hall source is used to produce the 30-eV NH x ϩ ions. 23 The ion-current density at the sample is 3 ϫ10 14 cm Ϫ2 s
. All GaN films are deposited with excess ammonia, i.e., gallium-limited growth. 24 The crystallographic orientation of GaN and AlN relative to Al 2 O 3 is ͑0001͒ ʈ ͑0001͒ and ͓1010͔ ʈ ͓1120͔.
III. RESULTS
We first present results for film growth with real-time analysis in Sec. III A. The time dependence of the 0001 reflected intensity and the Ga K␣ fluorescence intensity are monitored simultaneously during deposition and are typically recorded at a rate of one data point per second. Since x-ray absorption is negligible for the film thicknesses studied in these measurements, the intensity of the Ga K␣ fluorescence x rays is directly proportional to the amount of Ga deposited on the surface. After the growth, Rutherford backscattering spectrometry ͑RBS͒ is used to calibrate the x-ray fluorescence intensity with film thickness and hence determine the growth rate. Contact mode atomic force microscopy ͑AFM͒ is used to image surface morphology. The AFM results are presented in Sec. III B. Measurements of strain relaxation during the growth process are described in Sec. III C. These measurements are performed using a modified real-time growth procedure: TEG flow is modulated in 2-s growth pulses with radial scans through the GaN and AlN ͓1 0 1 0.05͔ reflections between pulses.
A. Time-resolved measurements
Time-resolved x-ray measurements are performed to study the mode of nucleation by monitoring the surface morphology and deposition rate as a function of film thickness. Figure 2 shows raw data as collected for ion-assisted growth of GaN on nitridated sapphire. The x-ray reflectivity at both the GaN 0001 and the Ga fluorescence signal are shown. A striking feature clearly present in the Ga K␣ data is that the growth rate is higher for the first two bilayers and then decreases to a steady-state value. This effect is correlated with the growth mode, discussed below. Another remarkable feature is that the reflectivity signal exhibits intensity oscillations with a period that is inversely proportional to the growth rate. However, the peaks do not occur at exact integer monolayer thicknesses. The first peak is considerably more intense than the signal from the starting surface because of the higher electron density of GaN relative to sapphire. The peak intensity of the subsequent oscillations follows a decreasing envelope consistent with gradual roughening of the growth surface. As we will show below, the growth mode is induced by low-energy NH x ϩ ion irradiation during growth. Figure 3͑a͒ is the same specular reflectivity data displayed in Fig. 2 , plotted versus thickness instead of time. Maxima occur near odd bilayer thicknesses, but gradually fall out of phase with the mean thickness. Figure 3͑b͒ is for identical growth conditions, except that the incident ammonia molecules have thermal energies ͑ϳ0.02 eV͒. These conditions produce three-dimensional nucleation with a cluster separation of 35-50 nm and coalescence when the mean thickness is between 10 and 20 GaN bilayers. 25 The reflectivity data is dramatically different for this case, exhibiting a rapid decrease in intensity during the initial stages of nucleation and a slight recovery when island coalescence is complete. Figure 3͑c͒ shows data for growth after preirradiation of the nitridated sapphire surface for 5 min. The growth conditions are identical to those in Fig. 3͑b͒ , except that the starting surface has been modified by ion irradiation. If we associate the maximum intensity with the coalescence of GaN islands, then the data suggest that island coalescence begins at ap- proximately two GaN bilayers, producing a single weak peak in the x-ray reflectivity data. This is followed by gradual roughening to a steady state. A comparison of Figs. 3͑b͒ and 3͑c͒ shows that the chemical and physical states of the starting surface influence the mode of nucleation. However, the quasi-layer-by-layer growth mode is observed only during reactive-ion-assisted growth as represented by Fig. 3͑a͒ .
Gallium incorporation efficiency depends on whether energetic ions are used. Figure 4 shows deposited gallium as a function of time. The data are from the same film growths as in Figs. 3͑a͒ and 3͑b͒ . A large effect of ions on the growth rate is observed, both in the initial stages and during steadystate growth. The early-time behavior of growth without ions is dominated by low nucleation density, which results in a power-law growth rate of nuclei before coalescence. 5 Growth with ions results in an initial growth rate about four times higher. Curiously, the steady-state deposition rate for ion-assisted growth is reduced relative to conventional GS MBE. The low growth rate may be related to ion-enhanced desorption of TEG. Enhanced Ga desorption has been observed for GaN growth from elemental Ga and energetic N 2 ϩ ions. 16 Passivation of the surface by hydrogen or excess surface nitrogen may also reduce the gallium incorporation efficiency.
The temperature dependence of the growth mode reveals several different features. Figure 5 shows 0001 reflectivity data at four temperatures. Growth at 500°C exhibits classic layer-by-layer growth with gradual roughening due to limited surface mobility. The data for 600°C and 650°C follow a two-dimensional ͑2D͒ growth mode, but exhibit an unusual expansion of the period of the intensity maxima. It has been shown that this effect can arise from an asymmetry in the height distribution function of the surface. 26 In contrast, twodimensional growth is observed at 700°C for only the first 1-2 bilayers, followed by an abrupt drop in intensity. This is consistent with the Stranski-Krastanov growth mode, where a thin two-dimensional layer is followed by threedimensional growth.
B. Atomic force microscopy
Further insight into the surface morphology is obtained from AFM measurements performed after the completion of the growth. A postgrowth AFM analysis of the same samples has been performed. Figure 6 shows an AFM surface plot for the sample grown with ammonia as the nitrogen precursor at 600°C. The rms surface width is 14.7 bilayers. The film thickness derived from RBS is 46 bilayers. The lateral separation of surface features is ϳ50 nm. Figure 7 shows a surface plot for ion-assisted growth at 600°C. The rms surface width is 3.6 bilayers and the film thickness derived from RBS is 20 bilayers. There is a clear difference in the surface morphology between ion-assisted growth and no-ion growth. Figure 8 shows a comparison of surface height probability distributions for the two AFM images. The height profiles reveal another striking difference associated with ionassisted growth. The profile for thermal ammonia growth has a nonzero value down to the sapphire/GaN interface, consistent with discrete cluster growth. In contrast, ion-assisted growth produces a continuous film with a much sharper height distribution. Another interesting feature is the asymmetry of the surface height distribution. The asymmetry can be characterized by an additional parameter that can be obtained from the surface height profiles, the third moment of the distribution. Following Bartelt and Evans, 26 we find a third moment 3 of ϩ0.27 and ϩ1.25 for growth from thermal ammonia and ions, respectively. The sign of 3 for the ion-assisted growth is consistent with the direction of the shift observed in reflectivity oscillations ͑Figs. 3 and 5͒. The sharp side of the distribution approximately defines the x-ray thickness, while the broad side represents isolated mounds ͑ 3 positive͒ or pits ( 3 negative͒.
The observed sign of 3 is opposite to that from theoretical predictions for the model of molecular-beam epitaxy discussed by Bartelt and Evans. 26 In this model, upward currents ͑attributed to step-edge barriers faced by adatoms͒ break the up-down symmetry of the growth front. This leads to a negative value of 3 . However, Amar and Family have shown that for the case of a large step barrier a positive skewness can be obtained. 41 Therefore, the positive skewness observed in our data may be consistent with a simple model of epitaxial growth kinetics. However, strain-induced effects may also influence the growth morphology. We show below that the GaN films are significantly strained.
C. Stepwise growth measurements
Due to the large lattice mismatch between sapphire and GaN, strain relaxation phenomena may be observed during the initial stages of growth. GaN growth. The curve for the starting Al 2 O 3 /AlN structure formed by nitridation of Al 2 O 3 is aligned with the strainrelaxed AlN 2 angle. Since the ϳ 1.2-nm relaxed AlN layer has a relatively close lattice match to GaN, it is considered to be very favorable for the formation of high-quality GaN films. 27 The subsequent scans show that during GaN deposition at 600°C, there is a continuous shift of the a-axis lattice parameter towards the relaxed position. Several other measurements of strain relaxation in the early stages of GaN growth have been reported in the literature. Kim et al. have found that GaN grown at 700°C on an AlN buffer layer is coherently strained to the AlN in-plane lattice parameter up to a critical thickness of 11 bilayers. 28 In contrast, Daudin et al. have studied GaN growth at 720°C on an AlN buffer layer and found a high degree of relaxation after four GaN bilayers. 29 They correlate strain relaxation with the formation of mounds in the early stages of growth. Our strain relaxation data for growth at 600°C ͑Fig. 9͒ is intermediate between the two extremes, exhibiting partial relaxation before the critical thickness and almost complete relaxation above the critical thickness.
IV. DISCUSSION
The results above reveal a variety of phenomena that occur during the nucleation of GaN on nitridated sapphire. The real-time scattering and AFM results lead to a consistent picture of GaN nucleation and the effect of reactive ions during growth. It is immediately clear upon inspection of Figs. 2 and 4 that desorption effects play a dominant role in GaN nucleation and growth phenomena. We discuss desorption effects in terms of the incorporation coefficient, which can be defined as the probability of a Ga atom to be incorporated into the film for each TEG molecule impinging on the surface. The incorporation coefficient C varies locally, depending on the chemical and physical state of the surface. In particular, TEG molecules incident upon GaN islands have a different incorporation coefficient than TEG incident upon the AlN/sapphire substrate. 5 In Sec. IV A we discuss the case C substrate ӶC GaN , which leads to cluster nucleation. In Sec. IV B we discuss the case C substrate ϷC GaN , which leads to two-dimensional nucleation. In Sec. IV C we discuss the phenomenon of mound formation and its possible cause. In Sec. IV D we discuss the two-bilayer period observed in xray intensity oscillations.
A. Growth from thermal ammonia: Discrete cluster nucleation
The phenomena of three-dimensional cluster growth of GaN is related to incomplete incorporation of Ga onto the substrate. 5 This is reflected in Fig. 4 as an extremely small initial incorporation coefficient of about 0.005. We take this to be an upper limit for the value of C substrate . A value of C GaN ϭ0.067 is obtained from the final growth rate after coalescence of nuclei. Thus the ratio of coefficients is ϳ13. This growth configuration leads to a low density of discrete clusters. The mechanism is the same for GaN growth on several substrates, including Si, SiC, and sapphire. 5 Because of the very small value of C substrate , incorporation of Ga is determined by the rate of direct impingement of Ga atoms onto existing GaN nuclei. The rate of Ga incorporation is therefore approximately proportional to their surface area. Additional nucleation can be neglected compared to the rate of growth of nuclei, except in the very early stage when the size of nuclei is very small. This phenomenon leads to approximately a power-law function of time in the fluorescence data. This model can be confirmed by plotting the fluorescence data on a log-log plot, as shown in Fig. 10 . An empirical expression for the growth rate including both the power-law growth and the linear regime after coalescence is
where the reduced time t r is equal to t/t ϫ and the crossover from nucleation to coalescence is given by t ϫ . The steadystate growth rate is R ϱ and the growth exponent is . This expression gives the desired limits since Rϳt Ϫ1 and the total amount of incorporated Ga ϳt when t r Ӷ1. Also, R ϭR ϱ when t r ӷ1. The solid line in Fig. 10 is for a numerical integration of Eq. ͑1͒ with ϭ2.85 and R ϱ ϭ0.067. The curve gives a reasonable description of the crossover from cluster growth to coalescence of clusters. However, for t Ͻ100 s, another mechanism ͑such as nucleation or surfacediffusion limited growth of nuclei͒ dominates the uptake curve.
B. Growth from low-energy ions: Two-dimensional nucleation
In the preceding subsection we described how low incorporation on the substrate leads to discrete cluster growth. Figure 4 shows that this situation is reversed for ion-assisted growth, i.e., incorporation is higher for the first several layers, than during subsequent growth. From the data we estimate C GaN ϭ0.012, C substrate ϭ0.020, and a ratio of ϳ0.6.
Tersoff et al. 30 introduced the following model that can be used to explain a transition from two-to threedimensional growth. The nucleation density on the starting surface produces a mean separation between nuclei L n . When their radius becomes larger than a critical value R C , a second layer will nucleate. If R C ӶL n , the process is repeated for the second, third, and subsequent layers, resulting in multilayer islands. However, if R C ϾL n , then the islands will coalesce before the second layer can nucleate, producing two-dimensional growth. This model is consistent with our data since the enhanced value of C substrate that we observe during ion-assisted growth should lead to a large reduction in L n and to 2D growth. Figure 3͑a͒ is therefore interpreted as a high nucleation density, while Fig. 3͑b͒ is associated with a low nucleation density.
There are several mechanisms that would lead to reactiveion irradiation producing enhanced incorporation of Ga. Enhanced reactivity of NH x ϩ or N ϩ relative to ammonia is the effect generally cited in the literature for the success of plasma-assisted growth of GaN. However, Fig. 4 shows that ion-assisted growth does not necessarily result in a higher steady-state growth rate, as is often assumed. Several purely physical mechanisms have been discovered that promote two-dimensional growth. For example, ion-induced layer-bylayer growth was reported for the Cu/Cu͑111͒ system induced by pulsed beams of 500-eV argon ions. 31 The results were attributed to increased two-dimensional island density from ion bombardment. 31 It has also been proposed that energetic ions can break up three-dimensional islands. 11 Creation of surface defects such as vacancies or adatoms by energetic ions can also lead to an enhanced nucleation density since surface defects may act as nucleation sites. Figure  5͑c͒ suggests that surface defect sites such as steps, kinks, vacancies, or other defects can dramatically alter the nucleation kinetics. Therefore, a limited amount of surface damage using ion energies below the bulk displacement threshold may actually be beneficial for producing planar growth.
C. Surface height profile asymmetry
A pronounced asymmetry in the surface height profile is observed in AFM images. Figures 7 and 8 show that this effect is related to the formation of well-separated mounds on an otherwise flat growth surface. We have performed additional AFM measurements and find rms roughnesses of 4.0, 3.6, 1.2, and 7.1 bilayers for 500°C, 600°C, 650°C, and 700°C, respectively. The large rms value for 700°C suggests a breakdown of 2D growth, in agreement with the x-ray data in Fig. 5 . The values of the third moments also show a trend. From low temperature to high temperature, the values of 3 are 1.63, 1.25, 2.20, and 3.14. This trend is consistent with the increasing shift of the 0001 x-ray reflectivity intensity maxima with increasing temperature observed in Fig. 5 .
The temperature dependence of the roughness and surface asymmetry suggests the following model of the surface evolution. Low-temperature growth produces random roughness because of low surface mobility and statistical noise in the arrival rate on different parts of the surface. Therefore, surface diffusion plays a role in determining surface morphology. This explains the initial decrease of roughness with increasing temperature. At higher temperatures, smoothing by surface diffusion is countered by a mechanism that favors mound formation, such as a large step-edge barrier. 41 This leads to an instability of the surface morphology that is most pronounced at the highest growth temperatures. The combination of these two effects leads to the observed behavior where the rms surface roughness first decreases and then increases as a function of temperature. This model for the formation of roughness may explain the unusual cusplike structures observed in Fig. 7 . We associate the formation of cusplike mounds with the increasing third moment as a function of growth temperature. 16, 32 The mounds are also reminiscent of self-assembled structures formed in In y Ga 1Ϫy As on GaAs and Ge y Si 1-y on Si thin-film systems. [33] [34] [35] [36] In these systems, strain-driven mounds are not stable if they are smaller than a critical size since there is a competition between elastic energy and surface tension. In an equilibrium theory, once mounds reach a critical size they grow rapidly by a ripening process. 37 In the case of GaN growth, the temperature-dependent x-ray reflectivity and AFM data are consistent with mound formation by a strain-driven surface instability. However, we have not observed any changes in morphology during annealing up to 800°C. This suggests that mounds are kinetically constrained from reaching an equilibrium configuration.
D. Intensity oscillations during heteroepitaxy:
The two-bilayer period
The familiar case of layer-by-layer growth is for homoepitaxy where intensity oscillations have a period of one monolayer. [38] [39] [40] In contrast, we observe intensity maxima only near odd-integer values. This phenomenon is related to the diffraction structure factor resulting from the growth of a relatively high-electron-density film on a low-electrondensity substrate. At the GaN 0001 reflection, the film contribution to the scattering amplitude at even-bilayer thicknesses is exactly zero, neglecting the effects of surface roughness. Therefore, the intensity at even-integer thickness is related to the scattering amplitude of the substrate. This simple analysis suggests that there should be smaller, but observable, intensity maxima at even-integer values. However, a more realistic model including roughening of the GaN growth front shows that the even maxima are much more sensitive to roughness than the odd maxima. We conclude that the intensity oscillation data are consistent with a growth process in which only one bilayer at a time forms in a layer-by-layer growth mode. Finally, intensity maxima do not necessarily coincide with integer monolayer thicknesses if the surface height distribution is asymmetric.
V. CONCLUSIONS
In summary, we have experimentally discovered a dramatic effect of low-energy ions on the nucleation kinetics of GaN on sapphire. Film growth rates approximately follow a power law during nucleation by gas-source MBE. In contrast, ion-assisted growth produces a dramatic increase of the incorporation efficiency of Ga at the start of deposition and hence provides a method for controlling the nucleation and growth mode. The temperature dependence of x-ray intensity oscillation data is consistent with limited mound formation resulting from a surface instability related to growth kinetics.
